We developed an apparatus for producing high-density hydrogen plasma. The atomic hydrogen density was 3.1 × 10 21 m −3 at a pressure of 30 Pa, a microwave power of 1000 W, and a hydrogen gas flow rate of 10 sccm. We confirmed that the temperatures of transition-metal films increased to above 800˚C within 5 s when they were exposed to hydrogen plasma formed using the apparatus. We applied this phenomenon to the selective heat treatment of nickel films deposited on silicon wafers and formed nickel silicide electrodes. We found that this heat phenomenon automatically stopped after the nickel slicidation reaction finished. To utilize this method, we can perform the nickel silicidation process without heating the other areas such as channel regions and improve the reliability of silicon ultralarge-scale integration devices.
Introduction
Heat treatment is important for forming electrodes for silicon ultralarge-scale integration (Si-ULSI) devices [1] . The process temperature sometimes reaches approximately 800˚C. Therefore, we must consider that heat treatment causes the degradation of Si-ULSI reliability. To reduce the effects of heat treatment, we use laser annealing [2] - [4] to achieve selective heating. However, laser annealing requires a complex and expensive apparatus.
To overcome these problems, we have proposed a simple heating method, in which transition metals can be heated selectively by exposing them to hydrogen plasma.
Mozetic and coworkers [5] - [10] reported that the temperature of nickel was increased by the irradiation of hydrogen atoms and reached approximately 300˚C, and from this phenomenon they estimated the density of hydrogen atoms in hydrogen plasma. This phenomenon is attributed to the release of binding energy by the recombination of hydrogen atoms into molecules on nickel surfaces, and as a result, the nickel is heated. The atomic hydrogen density (N o ) is calculated from the first derivative of the nickel film temperature.
Here, M is the mass of the nickel film, C p is its heat capacity, ν is the mean velocity of hydrogen atoms at room temperature, γ is the recombination coefficient, S is the area of the nickel film, W D is the dissociation energy of a hydrogen molecule (4.5 eV), and dT/dt is the temperature derivative with respect to the elapsed time.
We have developed a heating apparatus to form high-density hydrogen plasma, in which transition metals such as nickel and tungsten can be heated to approximately 1000˚C. In this paper, we report the maximum temperatures of transition-metal species obtained using the apparatus. Nickel is one of the most important transition metals because the source-drain electrodes of field-effect transistors in Si-ULSI are composed of nickel-silicon compounds; therefore, we also study the application of the heating method to nickel silicide formation for Si-ULSI.
Experimental Methods
We developed an experimental apparatus with a self-tuning microwave plasma system [11] (SST Inc. JX0-1500-S1), as shown in Figure 1 . This apparatus has four components: a reaction chamber, a 2.45 GHz microwave generator, a gas flow control unit, and a rotary pump evacuation system. The reaction chamber has four parts: (a) an outer cylindrical chamber made of a dielectric material, (b) a microwave coupling section mounted on the surface of the outer cylindrical chamber, (c) an inner cylindrical chamber made of quartz (diameter: 131 mm, length: 206 mm), and (d) an aluminum chamber that surrounds the outer cylindrical chamber except for in the microwave coupling section. The output power of the microwave was between 50 and 1500 W.
In all the experiments, the input microwave power was 1000 W, the hydrogen gas flow rate was 10 sccm, and the pressure was 30 Pa. The samples were set on a sample stage made of quartz and exposed to hydrogen microwave plasma. We evaluated the sample temperature using a radiation thermometer with a measuring wavelength ranging from 0.8 to 1.6 μm (Japan Sensor Corporation FTK9-P300R-30L22) through a quartz window.
To observe the heat phenomenon of various materials during hydrogen plasma exposure, we prepared quartz, silicon, aluminum and various transition-metal plates with an area of 100 mm 2 and a thickness of 50 μm. For our experiment on the formation of nickel silicide, nickel films with a thickness of approximately60 nm were deposited on silicon wafers with an area of 100 mm 2 and a thickness of 400 μm by electron beam evaporation. We studied the formation of nickel silicide by a scanning transmission electron microscope (FEI Company Tecnai Osiris) with an energy dispersive x-ray analysis system (STEM-EDX). Figure 2 shows a typical example of the temperature profile obtained using a nickel plate under hydrogen microwave plasma exposure. The temperature rapidly increased to above 900˚C within 5 s of turning on the microwave power. When the microwave power was turned off, the temperature suddenly decreased to less than 500˚C within 5 s. By using Equation (1), the density of hydrogen atoms was determined to be 3.1 × 10 21 m −3
Results and Discussion

Dependence of Maximum Temperature Dependences on Transition Metal Species
. Figure 3 shows the maximum temperatures obtained using various transition-metal species. The maximum temperatures were higher than 800˚C. In contrast, for other materials such as quartz, silicon, and aluminum, we could not observe the heat phenomenon using the radiation thermometer, even when the materials were exposed to the hydrogen plasma for longer than 60 seconds. These results indicate that we can selectively heat only the areas of transition metals deposited on silicon wafers. Figure 4 shows temperature profiles when nickel film deposited on silicon wafer was exposed to hydrogen microwave plasma, and hydrogen microwave plasma was turned on and off without any sample. In the case of the nickel films, the temperature increased to approximately 450˚C within 5 s of turning on the microwave power and suddenly decreased to approximately 380˚C. This result indicates that the amount of surface nickel atoms decreased due to nickel slicidation reaction. When the microwave power was turned off, the temperature suddenly dropped down to the lowest measureable value (approximately 280˚C). Since the radiation thermometer Obtained maximum temperatures when various transition-metal plates were exposed to hydrogen microwave plasma. measures the intensity of light from hydrogen plasma, the temperature drop caused by turning off the microwave power is due to the emission of light from hydrogen plasma. Figure 5 shows a cross-sectional STEM image of the sample after hydrogen plasma exposure for 35 s. It is clearly seen that a nickel silicide layer is formed on the silicon wafer. Figure 6 shows an EDX line scan profile of the sample in Figure 5 , in which the signal intensity is calibrated. The atomic ratio of silicon to nickel is approximately 1:1.
Nickel Silicide Formation
Figure 4. (a)
Temperature profile when nickel film deposited on silicon wafer was exposed to hydrogen microwave plasma, and (b) apparent temperature profile when hydrogen microwave plasma was turned on and off without any sample since the radiation thermometer measured the intensity of light from hydrogen plasma. Therefore, the dark layer in Figure 5 is made of nickel monosilicide. From these results, it is assumed that nickel and silicon alloying starts and this reaction continues untill the entire surface nickel layer forms an alloy with silicon. As a result, the heat phenomenon is markedly weakened and the temperature decreases to approximately 380˚C automatically. In addition, when the samples after nickel silicidation are exposed to hydrogen plasma again, the temperature does not exceed the temperature corresponding to the intensity of light from the hydrogen plasma (approximately 380˚C). These results indicate that the high-resistivity silicon rich phase of nickel disilicide is not formed by this heating method. Tinani and coworkers [12] reported that the formation of nickel disilicide requires a high temperature of above 750˚C. From Figure 4 , it can be seen that the temperature of the sample does not increase to above 450˚C. Thus, nickel disilicide is not formed by this heating method. From the standpoint of Si-ULSI manufacturing, this heating method has advantages: it can selectively heat only the areas of transition metals deposited on silicon wafers, it has a self-stopping mechanism, and it does not cause any heat damage to the other areas. Therefore, this method can improve the reliability of Si-ULSI and is suitable for forming nickel silicide electrodes in silicon wafers with large diameters.
Conclusions
In this study, we have developed an apparatus with a self-tuning microwave plasma system to form high-density hydrogen plasma and we have confirmed that transition metals can be heated at approximately 1000˚C by exposure to high-density hydrogen plasma. We achieved the selective heating of nickel layers deposited on silicon wafers and successfully formed nickel silicide. We showed that this phenomenon stopped automatically after silicidation finished. This method is considered to be applicable to the formation of slicides such as tungsten silicide and platinum silicide.
